ABSTRACT. The growth-retarded (grt) mouse has an autosomal recessive hypothyroidism and the female shows lifelong infertility. We previously reported that these mutant phenotypes are caused by a deficiency in the enzymatic activity of tyrosylprotein sulfotransferase-2 (TPST2), and severe thyroid hypogenesis and consequent dwarfism are mainly due to the impairment of the tyrosine sulfation of thyroid-stimulating hormone receptor (TSHR) by TPST2. Although TPST2 is ubiquitously expressed and many proteins are predicted to be tyrosine sulfated and involved in many biological processes, the functional roles of tyrosine sulfation in the reproductive organs remain unclear. These findings tempted us to hypothesize two possible mechanisms underlying the infertility; a deficiency in TPST2 activity in the reproductive organs might cause the infertility in grt mice, or a significant decrease in serum thyroid hormones might impair the normal development of reproductive organs. When mutant female mice were fed a diet supplemented with sufficient thyroid powder to correct their growth retardation, the rate of copulation, pregnancy, and parturition was completely restored. Therefore, we concluded that the infertility in grt female is due to a thyroid hormone deficiency. The growth-retarded (grt) mouse has an autosomal recessive, fetal-onset, severe thyroid dysgenesis related to thyroid-stimulating hormone (TSH) hyporesponsiveness [20, 41] . We identified that the grt phenotype is caused by a single misssense mutation in the tyrosylprotein sulfotransferase 2 (TPST2) gene with a C-to-G transition at nucleotide 798, leading to the replacement of a highly conserved histidine with glutamine at codon 266 in the sulfotransferase domain by positional cloning [36] .
The growth-retarded (grt) mouse has an autosomal recessive, fetal-onset, severe thyroid dysgenesis related to thyroid-stimulating hormone (TSH) hyporesponsiveness [20, 41] . We identified that the grt phenotype is caused by a single misssense mutation in the tyrosylprotein sulfotransferase 2 (TPST2) gene with a C-to-G transition at nucleotide 798, leading to the replacement of a highly conserved histidine with glutamine at codon 266 in the sulfotransferase domain by positional cloning [36] .
TPST catalyzes the transfer of a sulfuryl group from the universal sulfation substrate, 3'-phosphoadenosine 5'-phosphosulfate, to a tyrosyl residue within the acidic motifs of proteins that transit the Golgi apparatus [28] . In mammals, two isozymes, TPST1 and 2, catalyze the tyrosine sulfation of proteins. Although TPST1 and 2 in mammals have 65~67% identical amino acid sequences [28] , they seem to have different acceptor preferences [31, 37] . Evidence indicates that the posttranslational modification by tyrosine sulfation regulates many important protein-protein interactions and modulates binding affinity and specificity [8, 10, 11, 18, 24, 26, 29, [33] [34] [35] [36] . We previously showed that the sulfation of the tyrosine 385 of TSHR by TPST2 is indispensable for the activation of TSH signaling, and grt mice develop hypothyroidism and dwarfism since they are unable to fully respond to TSH. However, since many proteins besides TSHR are likely to be the substrates of TPST2, severe growth retardation of grt mice might conceal a defect in other proteins that act as substrates of TPST2 [36] .
Interestingly, female grt mice are infertile throughout their lifespan, whereas grt males gradually acquire fertility, although their pubertal growth is markedly delayed. The grt males demonstrate severely decreased testicular weight and number of Leydig cells until 5-8 weeks age, then gradually acquire normal structure and function of the testis, finally become fertile at about 6 months [19, 36] . However, the reason for the lifelong infertility of grt females has not yet been determined. The expression of TPST2 in the reproductive organs raises the possibility of TPST2 having local functions in mice. Interestingly, luteinizing hormone receptor (LHR) and follicle-stimulating hormone receptor (FSHR), which are essential to the female reproductive systems, have been recently reported to be tyrosine-sulfated [4, 36] and the tyrosine-sulfated products have been predicted to modify agonist recognition [10] . Several reports have indicated that the deficiency of LHR or FSHR signal cascades causes female infertility, which is characterized by follicular arrest beyond the Graafian follicle and disturbed ovulation [1, 23, 38, 42] . Hypothyroidism, however, is associated with a broad spectrum of reproductive disorders ranging from abnormal sexual development through menstrual irregularities to anovulation in mice [14, 16] , rat [3, 15, 17] , dog [32] and humans [9, 21] . In rare cases, it has been reported that infertility in Pax8 null mice was due to the direct morphogenic function of Pax8 on both the thyroid and Müllerian duct. Thus, they could not be rescued by thyroid hormone replacement [27] . Subsequently, we hypothesize two possible mechanisms for the female infertility in grt mice; the insufficient tyrosine sulfation of protein(s) involved in the female reproductive system might lead to decreased reproductive function, or a significant decrease in serum thyroid hormones might impair normal development of reproductive organs. To determine whether the primary hypothyroidism is responsible for infertility in grt mice, they were treated with thyroid powder postnatally up to 8 weeks of age. The treatment of grt mice with thyroid powder completely normalized the dwarfism and rate of copulation, pregnancy, parturition, and litter size. Thus, the main cause of female infertility in grt mice was determined to be the deficiency in thyroid hormone, not the lack of TPST2 activity in other organs.
MATERIALS AND METHODS

Animals and environment:
The animal room was air-conditioned at 22 ± 4°C, maintained at 40-60% relative humidity, and mice were maintained under a 12 hr light-dark cycle. A standard laboratory diet, CE-2 (Nihon Clea, Tokyo, Japan), and tap water were available ad libitum. All mice were maintained on the DW/J genetic background. Genotyping of the grt allele was performed as described elsewhere [36] . The normal (grt/+) heterozygous and growth-retarded (grt/grt) homozygous females were obtained by mating (grt/+) females with (grt/grt) males. (grt/+) females were used as control because they have normal fertility. Research was conducted according to the Guidelines for the Care and Use of Laboratory Animals of the Graduate School of Veterinary Medicine of Hokkaido University. The experimental protocol was approved by the Animal Care and Use Committee of the Graduate School of Veterinary Medicine of Hokkaido University.
Western blot analysis of TPST2 protein in various tissues: Each organ from wild-type DW/J was homogenized in 500 µl of ice-cold 10 mM Tris-HCl (pH 7.5) containing 100 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.1 mM phenylmethylsulfonyl fluoride, 1 mg/ml pepstatin, 2 mg/ml aprotinin and 2 mg/ml leupeputin. Samples of cell extracts (20 µg)
were subjected to 10% SDS-PAGE and transferred to Immobilon-P membranes (Millipore, Bedford, MA, U.S.A.) with a semidry electroblotter. The transferred membranes were incubated with a diluted rabbit anti-TPST2 antibody (ABGENT, San Diego, CA, U.S.A.), and the blot was developed using the ECL Advance Western blotting kit (GE Healthcare, Piscataway, NJ, U.S.A.).
Administration with thyroid powder supplement: The (grt/grt) and (grt/+) females were fed the CE-2 rodent diet containing 0.025% thyroid powder grade III (Sigma, St. Louis, MO, U.S.A.) from birth through the breast milk of the dam and directly after weaning [12] . Their body weights were monitored weekly from 3 weeks to 8 weeks of age during the supplementation period. Their diet was changed back to the normal diet at 8 weeks of age.
Histological analysis: At 10 weeks of age, vaginal smears were examined for diestrus cycle, and (grt/grt) and (grt/+) females with or without thyroid powder treatment were euphonized and ovary and uterus weights were measured. The ovaries were then fixed with 20% neutral-buffered formalin and embedded in paraffin. Sections were cut at 8 µm and stained with hematoxylin-eosin. Ovarian follicles and corpora lutea were counted for more than 5 independent sections. At least, 3 individuals were analyzed from each group.
Evaluation of fertility: At 8 weeks old, 5-6 females were caged with a fertile male and their vaginal plugs were checked every morning until 20 weeks of age. Pregnant females were caged alone before delivery and the number of pups was counted. Parturitions and the number of pups were measured until 23 weeks of age.
Statistical analysis: Student's t-test was performed to detect differences in weekly body weight, ovary and uterus weight, rate of parturitions per copulation and first litter size among (grt/grt), (grt/+), thyroid powder-treated (grt/grt) and thyroid powder-treated (grt/+) mice. Mann-Whitney test was used to detect differences in rate of copulation at 8 weeks of age and frequency of parturition from 8 to 23 weeks of age among each group. Statistical significance was regarded as P<0.05.
RESULTS
Western blot analysis of TPST2 protein in various tissues:
Previously, Northern or RT-PCR analyses indicated that the Tpst2 gene was ubiquitously expressed in various tissues and cell lines [31, 36] . In general, RNA gives rise to protein; however, RNA levels are not necessarily a reflection of protein abundance. Therefore, we analyzed the expression of TPST2 protein in various tissues from wild-type DW/J. Western blot analysis revealed the ubiquitous expression of a 55-kDa protein. The TPST2 immunoreactive band intensity was highest in the liver, kidney, ovary and testis, and was lowest in the lung (Fig. 1 ). This result indicates that TPST2 expression might be correlated with ovarian function.
Growth retardation in grt mice was rescued with thyroid powder supplement: The body weights of homozygote (grt/ grt) and heterozygote (grt/+) females with or without thyroid powder supplement were measured weekly from 3 to 8 weeks of age (Fig. 2) . Growth retardation in the (grt/grt) group was significant at all time points examined. The (grt/ grt) mice of both sexes were small with shortened limbs and tails (data not shown), and weighed approximately 20-40% less than the (grt/+) mice. Thyroid powder supplementation of the homozygote mice sufficiently ameliorated growth retardation to the same level as thyroid powder-treated heterozygote (T-grt/+) and control heterozygote (grt/+) mice. However, administration of thyroid powder seems to cause overgrowth in both thyroid powder-treated homozygote (T- grt/grt) and T-grt/+ mice after 7 weeks of age.
Histological analysis of grt/grt mice: The ovary and uterus weights at diestrus in each group were measured ( Fig.  3a and b) . Though the ovaries and uteri of the grt/grt mice were significantly smaller and thinner than those of the grt/+ mice (P<0.05), thyroid powder supplement recovered both to the same scale as those of the T-grt/+ and grt/+ mice. Histologically, ovaries from the grt/grt mice contained some primary follicles, secondary follicles and tertiary follicles similar to those from the grt/+ and T-grt/+ mice, and the mutant ovaries showed hypoplasia characterized by the absence of the corpora lutea as seen in the grt/+ and T-grt/+ mice (Fig. 3c) . This suggests that grt/grt females experience disordered ovulation, luteinization or estrous cycle. On the contrary, restoration of luteinization in the T-grt/grt mice to levels seen in the grt/+ and T-grt/+ mice suggests that thyroid powder supplementation ameliorated not only the growth retardation but also the development of the female reproductive organs in the grt/grt mice.
Female infertility in grt/grt mice was rescued with thyroid powder supplement: To evaluate whether fertility was improved in T-grt/grt females, we examined (1) the rate of copulation at 8 weeks of age, (2) rate of parturition from 8 to 23 weeks of age, (3) mean ratio of parturitions per copulation and (4) first litter size (Fig. 4a-d) . At 8 weeks of age, females from each group were caged with a normal male Slc:ICR mice (Japan SLC, Shizuoka, Japan) and their vaginal plugs were checked during first 4 days (4 days are equivalent to the mean estrous cycle of female mice). Though no copulations were seen in the grt/grt mice, 30% of the T-grt/ grt females copulated, which was comparable to that of Tgrt/+ females (27%). On the other hand, thyroid powder treatment could not completely restore the incidence of copulation at 8 weeks of age because 100% of grt/+ females copulated, which was a significantly higher percentage than that for T-grt/grt and T-grt/+ females (P<0.05). Subsequently, the rate of parturition from 8 to 23 weeks of age was estimated. Though grt/grt mutants never become pregnant, the T-grt/grt females delivered as frequently as did the T-grt/+ females. Moreover, the mean ratio of parturitions and first litter size were comparable between the 2 groups. On the other hand, a marked decrease in rate of parturition were seen in the T-grt/grt or T-grt/+ females compared to the grt/+ females (P<0.01), although there were no significant differences in the mean ratio of parturitions per copulation or first litter size. We concluded that thyroid hormone feeding completely restored female infertility in grt/grt mice.
DISCUSSION
The present study was undertaken in an attempt to identify the causes underlying female infertility in grt mutant mice. Our results provide evidence that infertility in grt/grt female is due to thyroid dysfunction, which appears to be caused by inadequate thyroid hormone secretion. It has become increasingly clear that adequate levels of circulating thyroid hormone (T3) are of primary importance for normal female reproductive functions. There have been many reported cases of female infertility in hypothyroid humans and rodents being recovered by thyroid hormone administration [3, 15, 16, 22] . For example, hyt mice, which have congenital hypothyroidism caused by a TSHR mutation, show female infertility that was rescued by thyroid hormone treatment [16] . Virtually all molecular mechanisms involved in estrogen and androgen metabolism, sexual maturation, menstrual function, ovulation, fertility and the ability to deliver full-term infants are regulated by T3 [9] . Further, the facts that multiple T3 receptor mRNAs and T3-binding sites have been identified in mammalian granulose cells [6] and that T3 has been shown to directly modulate FSH and LH action on steroid biosynthesis in pigs [7, 25] , humans [13, 39] and mice [6] suggest the direct effect of thyroid hormone on the follicles. The exact mechanism for such reproductive aberrations is not well known; however, it is conceivable that thyroid hormones might have a direct role in reproductive pathophysiology. In this study, feeding with thyroid powder was stopped at 8 weeks and T-grt/grt mice were supposed to have been hypothyroid after 8 weeks of age, during mating and pregnancy. However, though at lower rates than those for the grt/+ control mice, copulations and parturitions were observed in the T-grt/grt mice. This suggests that the thyroid hormone is not an absolute prerequisite for copulation, parturition and delivery in mice. Alternatively, normal rodent chow may provide enough thyroid hormone for pregnancy and parturition in grt/grt adult female. Further, the important role of thyroid hormone in the development and function of female reproductive organs during the prepubertal period was presented. Overgrowth seen in the T-grt/grt and T-grt/+ mice after 7 weeks of age is a side effect related to the excessive feeding of thyroid powder. In humans, menstrual disturbances in thyrotoxicosis are 2.5 times more frequent than in the normal population, and hyperthyroidism in women has been linked to reduced fertility [21] . This may account for the decreased rates of copulation and parturition in both T-grt/grt and Tgrt/+ mice. The fact that there were no differences in the mean ratio of parturitions per copulation and first litter size among T-grt/grt, T-grt/+ and grt/+ mice suggests that the side effect of thyroid powder feeding disturb folliculogene- TPST has two isoforms with distinct acceptor preferences [31, 37] . The sulfated tyrosine residues have recently been identified in LHR and FSHR, and they are predicted to play an important role in the interaction with their natural ligands [4] . However, it is yet to be determined whether TPST isozymes have acceptor preferences against these receptors. Therefore, we could not confirm the important roles of tyrosine sulfation on FSHR or LHR in the reproductive organs or any compensatory activity of TPST1 in cases of TPST2 deficiency. It has been reported that Tpst1 knockout (KO) female mice produce significantly smaller litters because of fetal death between 8.5 and 15.5 days postcoitum. This finding suggests that tyrosine-sulfated proteins are involved in the regulation of reproductive physiology [30] . However, the importance of tyrosine sulfation on FSHR and LHR could not be determined because Tpst1 and Tpst2 compound KO pups die in the early postnatal period with signs of cardiopulmonary insufficiency [40] . Further biochemical and conditional transgenic studies are needed to address this issue.
129/Sv strain Tpst2 KO mice exhibit male infertility [5] . On the other hand, 129/Sv strain Tpst1 KO mice show female subfertility as described above [30] . The phenotype caused by the dysfunction of TPSTs may participate in the genetic background. The striking difference between Tpst2 KO and the grt mutants is the sex-based difference in infertility. Tpst2 KO mutant females are fertile, whereas males are infertile, although spermatogenesis and mating are normal. In contrast, female grt/grt mice are infertile throughout life, whereas grt/grt males gradually acquire fertility, although their pubertal growth is markedly delayed [19] . In humans, hypothyroidism is associated with a broad spec- Further, congenital hypothyroidism with thyroid dysgenesis is a genetically heterogeneous disease [2] . Thyroid dysgenesis and thyroid-related infertility might be of multigenic origin in mice and strongly suggest that a similar pathogenic mechanism may be observed in other animals. These strain differences should help us to identify modifier gene(s) involved in the morphogenesis, growth, and differentiation of reproductive organs. Although no TPSTs mutation has been found in other animals, our data suggest that TPST2 may be one of the causative genes for thyroid dysgenesis or infertility of unknown origin. Our results suggest that the administration of an adequate dose of thyroid hormone is effective in rescuing the infertility caused by mutations in the TPST2 gene in several animals. In conclusion, the grt/ grt ovary is fully capable of ovulating and maintaining pregnancy after thyroid hormone treatment. Therefore, we conclude that the female infertility in grt/grt mice is caused by a thyroid hormone deficiency, not by a deficiency in FSHR or LHR signal transduction modified by TPST2.
